The degradation of p-toluenesulfonate by a species of Pseudomonas by Focht, Dennis Douglass
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1968
The degradation of p-toluenesulfonate by a species
of Pseudomonas
Dennis Douglass Focht
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Microbiology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Focht, Dennis Douglass, "The degradation of p-toluenesulfonate by a species of Pseudomonas " (1968). Retrospective Theses and
Dissertations. 3467.
https://lib.dr.iastate.edu/rtd/3467
This dissertation has been 
microfilmed exactly as received 69-4234 
FOCHT, Dennis Douglass, 1941-
THE DEGRADATION OF p-TOLUENESULFONATE 
BY A SPECIES OF FSEUDOMONAS. 
Iowa State University, Ph.D., 1968 
Bacteriology 
University Microfilms, Inc., Ann Arbor, Michigan 
THE DEGRADATION OF p-TOLUENESULFONATE BY A SPECIES OF PSEUDOMONAS 
by 
Dennis Douglass Focht 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Bacteriology 
Approved: 
In Charge of Major Work 
Iowa State University 
Ames, Iowa 
1968 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
INTRODUCTION 
MATERIALS AND METHODS 
RESULTS 
DISCUSSION 
LITERATURE CITED 
ACKNOWLEDGEMENTS 
TABLE OF CONTENTS 
Page 
1 
10 
27 
47 
54 
58 
iii 
"The reasonable man adapts himself to the world; the unreasonable one 
persists in trying to adapt the world to himself. Therefore all progress 
depends on the unreasonable man." 
George Bernard Shaw 
Man and Superman, Maxims 
for Revolutionists, 1903 
1 
INTRODUCTION 
The problems pertaining to the biological degradation of aromatic sul­
fonate detergents have received considerable attention in recent years due 
to the role of these compounds in water pollution control. Since p-toluene-
sulfonate is used as a hydrotrope in detergent formulations, information on 
the degradative pathway of this compound is certainly needed. Such a mole­
cule would also provide a working model for studying desulfonation and ring 
cleavage of an aromatic sulfonate. 
In a study on the degradation of a vast array of aromatic compounds, 
Chambers et (1963) and Chambers and Kabler (1964) showed that most of 
the isolates responsible for degradation were gram negative rods, belonging 
primarily to the genus Pseudomonas. None of their cultures was capable of 
degrading sulfonates of toluene and benzene. On the contrary. Huddleston 
and Setzkorn (1965) reported that toluene and xylene sulfonates were de­
graded by river water cultures (mixed cultures) in shake-flasks. 
Heukelekian and Rand (1955) found that unadapted sewage microflora were in­
capable of degrading toluenesulfonate, while Ludzack and Ettinger (1960) 
reported that acclimated sewage microflora were capable of partial degrada­
tion. Cain and Farr (1968) obtained several isolates capable of utilizing 
toluene and benzene sulfonates as sole carbon sources. They discovered that 
degradation, though initially very slow, became more pronounced with each 
succeeding transfer, indicating inducible enzymes are responsible for the 
degradation of p-toluenesulfonate. 
The utilization of aromatic hydrocarbons and phenols by bacteria for 
growth was known by German bacteriologists since the early 1900's. The 
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first significant study on the catabolic pathway of an aromatic compound 
was performed by Stanier (1947), who developed the use of the "sequential 
induction" technique that is widely used today. His reasoning concerning 
the degradation of mandelic acid was that enzymes present in the degradative 
pathway would immediately oxidize the true intermediates if they were 
supplied as substrates to cells previously grown on mandelic acid. This 
theory is valid, of course, only if the true intermediate, when supplied to 
the cells as substrate, can get into the cell. found that when mande-
late-grown cells were confronted with mandelate, benzoate, phenylacetate, 
and p-hydroxybenzoate, only the first two substances were oxidized without 
lag. The two latter compounds were oxidized only after a lag, suggesting 
de novo synthesis of enzymes not common to the mandelate pathway. He con­
sequently concluded that benzoate was a likely intermediate in mandelate 
catabolism. 
The cleavage of a benzene ring can occur only when two hydroxyl groups 
are present on the ring; they may be adjacent as in catechol (1,2-dihydroxy-
benzene and protocatechuic acid (3,4-dihydroxybenzoic acid) or distal as in 
gentisic acid (2,5 dihydroxybenzoic acid). Other compounds to which ring 
cleavage can occur include homogentisic acid (2,5-dihydroxyphenylacetic 
acid), homoprotocatechuic acid (3,4-dihydroxyphenylacetic acid), and 2,3-
dihydroxyphenylpropionic acid; since they all possess 2 or 3 carbon alkyl 
chains and cannot possibly be intermediates in the degradation of p-toluene-
sulfonate, they shall not be considered in detail. 
The most widely studied enzymes that hydroxylate benzene rings are the 
monoxygenases (Hayaishi, 1966) or mixed function oxygenase, as termed by 
Mason (1955). These enzymes incorporate one atom of molecular oxygen into 
3 
the substrate while the other atom is reduced by an electron donor, usually 
reduced nicotinamide adenenine dinucleotide (NADH^), to give water. 
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Katagiri £t ^l. (1965) showed this equimolar incorporation of 0 - oxygen 
during the formation of catechol and water from salicylic acid by a mono-
oxygenase of Pseudomonas. 
Although monooxygenases are responsible for hydroxylation of phenols, 
they do not appear to play a role in the hydroxylation of aromatic hydro­
carbons, Young (1947) was the first to show that molecular oxygen was in­
corporated into naphthalene with the subsequent reduction of a double bond 
to give 1,2-dihydro-1,2-dihydroxynaphtha1ene. Further studies by Griffiths 
and Evans (1965) showed that extracts of Pseudomonas oxidized naphthalene 
to an unstable naphthalene epoxide, which underwent hydration to form the 
dihydrodiol structure. Both atoms of oxygen were shown to be incorporated 
into the ring by an enzyme referred to as a perhydroxylase. The naphthalene 
dîlrydrodiol was then oxidized to form 1,2-dihydroxynaphthalene prior to 
cleavage of the respective ring. The naphthalene perhydroxylase was also 
found to be active on anthracene, phenanthracene and toluene, but only 
slightly active on benzene. Boyland and Sims (1965) also found a similar 
perhydroxylase in rat liver homogenates that converted benz(a)anthracene 
and dibenz(a,h)anthracene to their respective epoxy derivatives. 
The initial attack on benzene or toluene by cell-free extracts is not 
as widely understood. Marr and Stone (1961) found that cell-free extracts 
prepared from cells grown on benzene would not oxidize benzene, even though 
they would oxidize catechol. Since catechol was an intermediate in benzene 
degradation while phenol was not, hydroxylation by monooxygenases was un­
likely. They postulated a simultaneous dihydroxylation of benzene to give 
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l,2-dihydro-l,2-dihydroxybenzene in light of evidence presented earlier on 
the oxidation of naphthalene (Young, 1947). 
In a preliminary report, Gibson ejt al. (1967) claimed to have demon­
strated the hydroxylation of benzene by cell-free extracts of a Pseudomonas. 
Two enzymes were supposedly reponsible for the hydroxylation of benzene. 
The first catalyzed the oxidation of benzene to a dihydrodiol and required 
NADHg, Fe , and sulfhydryl groups. The second catalyzed the oxidation of 
the diol to catechol and required NAD. Cell-free extracts also oxidized 
benzene, toluene, and ethyl benzene at the same rate, which may have in­
dicated that the enzyme system possessed a low degree of specificity. As 
of this time, this abstract is the only published study on the hydroxyla­
tion of benzene by cell-free extracts and would consequently support Marr 
and Stone's earlier hypothesis. 
Glaus and Walker (1964) observed that the conversion of toluene led 
directly to 3-methylcatechol since neither o- or m-cresols could Ite found. 
Consequently, it appears that a perhydroxylase system is involved in the 
initial oxidation of toluene. 
The first successful isolation and purification of an enzyme causing 
fission of the benzene ring was performed by Hayaishi and Hashimoto (1950) 
from a Pseudomonas. This dioxygenase, which they termed pyrocatechase, 
cleaved catechol between the two hydroxyl groups with the incorporation of 
one mole of molecular oxygen to give cis-cis muconic acid. Further studies 
by Stanier (1950) showed the degradation of cis-cis muconate to P-keto adi-
pate, and finally to acetate and succinate. 
Protocatechuate-3,4 oxygenase, first studied by Stanier and Ingraham 
(1954), catalyzed a similar reaction with protocatechuic acid. This 
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dioxygenase was similar to pyrocatechase, and cleaved between the two 
hydroxyls to yield cis-cis, P-carboxymuconate. Upon decarboxylation, the 
pathway from |3-keto adipate was the same as the catechol pathway. A series 
of publications by Ornston and Stanier (1966) and Ornston (1966a,b,c) gives 
a detailed elucidation of the biochemistry and enzymology of the catochol 
and protocatechuate pathways. 
Dagley and Stopher (1959) found that a dioxygenase from Pseudomonas 
did not cleave catechol between the two hydroxyls and consequently did not 
give rise to cis-cis muconic acid. Instead, the benzene ring was cleaved 
adjacent to the hydroxy1 groups to give CC-hydroxymuconic semi-aldehyde. 
This substance has no absorption at 260 mp, characteristic of cis-cis 
muconate, but strongly absorbs at 375 mp in alkali while in the enol form; 
this absorption disappears in acid as the compound is converted to the keto 
form. The enzyme was later isolated and crystallized from Pseudomonas by 
Kojima e^ (1961) and was termed metapyrocatechase. 
Metapyrocatechase when purified was found to contain bound ferrous 
ion, was readily inactivated by oxidizing agents (including atmospheric 
oxygen) while unaffected by reducing agents, and was colorless. Pyrocate­
chase and protocatechuate 3,4-oxygenase, on the other hand, contained bound 
ferric ion, were not inactivated by oxidizing agents but were affected by 
reducing agents, and were deep red when crystalized (Hayaishi, 1966). The 
iron in both enzyme systems is believed to mediate the transfer of electrons 
between oxygen and the benzene ring. Cleavage between the hydroxyls is 
commonly referred to as "ortho cleavage", while cleavage adjacent to the 
hydroxyls is referred to as "meta cleavage". 
A general scheme for the degradation of catechols was proposed by 
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Dagley ^l.(1964). Catechol upon ring cleavage yields formate, pyruvate, 
and acetaldehyde; 3-methylcatechol yields acetate, acetaldehyde, and 
pyruvate; 4-methyIcatechol yields formate, propionaldehyde, and pyruvate. 
Nishizuka et (1962) isolated a Pseudomonas that oxidized the aldehyde 
group of a-hydroxymuconic semi-aldehyde to carbon dioxide instead of for­
mate; otherwise the degradative pathway of catechol was the same. 
The degradation of aromatic compounds through gentisic acid (2,5-dihy-
droxybenzoic acid) is similar to the degradation of homogentisic acid by 
the liver enzyme, homogentisate oxygenase. The ring is cleaved between the 
carboxyl and adjacent hydroxyl to yield a P-keto dicarboxylic acid, which 
Sugiyama et a]^. (1960) showed to be maleylpyruvate. This led Trecanni (1963) 
to conclude that the degradation pathway was similar to that of homogen­
tisate, and that maleylpyruvate was converted to fumaryl pyruvate, which 
yielded pyruvate and fumarate. 
Dagley and Patel (1957) found that a Pseudomonas grown on p-cresol 
oxidized the methyl group to p-hydroxybenzoate, which on hydroxylation by a 
monooxygenase gave protocatechuic acid. The ring fission oxygenase 
(Trippett et al., 1960; Dagley et al., 1960) was shown to be similar, but not 
identical, to the cleavage of catechol by metapyrocatechase. The ring was 
cleaved adjacent to the hydroxyls to give CX-hydroxy-P-carboxymuconic semi-
aldehyde. This ring fission product was eventually degraded to formate 
(from the aldehyde group) and to two moles of pyruvate (Dagley et £l., 1964). 
Kitagawa (1956) showed that toluene was oxidized by a strain of 
Pseudomonas aeruginosa to benzoate, presumably via benzyl alcohol and 
benzaldehyde. Benzoate was then converted to catechol in the same manner 
described by Sleeper (1951), in which two hydroxyls were introduced simultan-
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eously. One hydroxy1 was attached onto the same ring carbon (1-^^C) as the 
carboxyl, while the other was attached in ortho juxtaposition. Decarboxy­
lation then occurred to give catechol. 
Studies on the degradation of toluene (Glaus and Walker, 1964), 
m-cresol (Dagley ^  a^., 1954), and o-cresol (Ribbons, 1966) showed, on the 
contrary, that the methyl group was not oxidized. In all three studies, 
the benzene ring was cleaved by a metapyrocatechase with the methyl group 
intact. When catechol, 3-methylcatechol or 4-methylcatechol were used as 
substrates by washed cells or by cell-free extracts, the oxidation rates 
were virtually the same. In all cases, one mole of oxygen was consumed per 
mole of substrate with no evolution of carbon dioxide. Oxidation of the 
methyl group was unlikely since 2,3-dihydroxybenzoate and protocatechuate 
were not oxidized by resting cells^r by cell-free extracts. Ribbons 
(1966) concluded that metapyrocatechase 'has a low degree of specificity and 
cleaves all three compounds indiscriminately. 
The apparent contradiction of reported information concerning the fate 
of methyl-substituted benzenes shows that more than one pathway is evident. 
Raymond e^ al.(1967) reported that a Nocardia oxidized only one of the 
methyl groups of o- and p-xylenes (dimethylbenzenes) to yield the respective 
toluic acids. Davis e^ al., (1967) also reported the conversation of m- and 
p-xylenes by a Pseudomonas to the respective toluic acids. Following 
hydroxylation and decarboxylation, the ring was cleaved by a metapyrocate­
chase leaving an intact methyl group. Davis (personal communication) has 
indicated that the methyl oxidase is an extremely labile enzyme; conse­
quently, the oxidation of one of the methyl groups of xylene by cell-free 
extracts has not been reported. A very recent preliminary report by 
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McDonald and Stone (1968) indicated that a species of Mycobacterium oxidized 
o-xylene to 3,4-dihydroxy-o-xylene, which was subsequently cleaved by a meta-
pyrocatechase leaving both methyl groups intact. 
In light of current knowledge on the catabolism of aromatic compounds, 
the degradation of p-toluenesulfonate would probably proceed through either 
gentisic acid, protocatechuic acid, or a catechol. However, the possibil­
ity that the ring is cleaved before desulfonation cannot be overlooked. 
Evans and Smith (1954) and Evans and Moss (1957) showed that p-chlorophen-
oxyacetic acid, a herbicide, was oxidized to 4-chlorocatechol. The ring was 
then cleaved to yield p-chloromuconate which was then dechlorinated. 
With the exception of a very recent report by Cain and Farr (1968), no 
information on the degradative pathway of p-toluenesulfonate is found in 
the literature. They reported that a strain of Pseudomonas aeruginosa de­
graded p-toluenesulfonate to 4-methylcatechol. The subsequent degradation 
was identical to the pathway of Dagley ^  (1964), yielding formate, 
pyruvate, and propionaldehyde. Details on desulfonation were lacking and 
no intermediates were proposed in the conversation of p-toluenesulfonate to 
4-methylcatechol. Obviously, several questions were left unanswered. 
It is the purpose of this investigation to report a pathway for the 
degradation of p-toluenesulfonate, and to examine the nature of desulfona­
tion. 
As Alexander (1965) has pointed out, the Principle of Microbial 
Infallibility^ is in need of drastic revision considering the persistance 
Given the right conditions, some microorganism exists in nature which 
can degrade any carbon compound. 
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of recalcitrant molecules in soil and water over long periods of time. 
When the relationship of chemical structure to biodegradability is better 
understood, the day may come when most synthetic organic compounds will be 
tailored to a chemical structure that renders them susceptible to rapid bio-
degradation. Such an approach to the many problems of pollution control 
that now confront us began with the development of biodegradable detergents. 
The future certainly dictates that we must not stop here. 
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MATERIALS AND METHODS 
Media 
The following basal salts medium was used throughout the investigation: 
NH^Cl, 1.0 g; KgHPO^, 1.0 g; NaCl, 0.5 g; MgCl^ ' TH^O, O.lg; FeCl^ ' ôH^O, 
0.5 mg; FeSO^ ' 7H^0, 0.5 mg; MnCl^ ' AH^O, 0.5 mg; CaCl^ ' ZH^O, 0.5 mg; 
deionized water 1000 ml. A sulfur source (Na^SO^, 0.2 g) was added to 
media that did not contain an organic sulfur source. The concentration of 
the sole carbon source depended on the nature of the substrate (Results, 
Table 1). The concentration of p-toluenesulfonate in culture media was 
always 1 g/liter. The pH of all basal-salts media, upon addition of the 
carbon source, was adjusted to pH.7.2 with sodium hydroxide. All media 
were autoclaved at 15 lbs steam pressure for 15 min. Solid media were made 
by the addition of 1.5% agar (Difco, 1953) to the basal salts. 
Chemicals 
The purest grade available was always used. p-Toluenesulfonic acid 
monohydrate\ p-phenol-sulfonic acid sodium salt, benzenesulfonic acid 
sodium salt, p-sulfobenzoic acid monopotassium salt, p-hydroxybenzoic 
acid, 2,5-dihydroxybenzoic acid (gentisic acid), 2,4-dihydroxybenzoic acid, 
benzyl alcohol, catechol, resorcinol, and hydroquinone were obtained from 
Eastman Distillation Product Industries. 
An older batch of this chemical containing no legible lot number, was 
found to be sulfate free, while a more recent batch (lot 70 F) was not. 
The recent batch was used only in fermenter tanks for growing large numbers 
of cells. 
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o-Hydrcxybenzenesulfonic acid (o-phenol sulfonic acid), p-toluene-
sulfinic acid sodium salt, benzenesu 1 finie acid sodium salt, salicylic 
acid (o-hydroxybenzoic acid), p-cresol, and concentrated sulfuric acid 
(98.6%) were obtained from J. T. Baker Chemical Company. 
Toluene, benzene, phenol, m-cresol, o-cresol, and orcinol were obtained 
from Matheson Coleman and Bell. 
2,3-Dihydroxybenzoic acid, protocatechuic acid (3,4-dihydroxybenzoic 
acid), 2,3-dihydroxytoluene (3-methylcatechol ) , benzenetriol (1,2,4-tri-
hydroxybenzene), and pinacryptol yellow were obtained from K and K Labora­
tories, Inc. 
Benzoic acid and pyrogallic acid (1,2,3 trihydroxybenzene) were ob­
tained from General Chemical Company. 
Cresol sulfonates were prepared by adding 1 ml of concentrated HgSO^ 
and 5 ml of the respective cresol isomer to a 10 ml Erlenmeyer flask and 
allowing the reaction to proceed at room temperature for 6 hr. The mix­
ture was neutralized with ION NaOH. The resulting precipitate was filtered 
through Whatman #42 filter paper and washed three times with chloroform to 
remove unreacted cresol. 
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S - p-toluenesulfonate was prepared from S - sulfuric acid ob­
tained from Tracerlab, Inc. The vial contained 2.0 mc in a volume of 
0.031 ml of O.IN HCl. The contents of the vial were mixed with 1.00 ml of 
carrier sulfuric acid and drained into a ground glass-stoppered test tube. 
Upon addition of 10 ml of toluene, the tube was sealed with a ground glass 
aspirator joint fitted with CaCl^ drying tubes at both ends. A vacuum was 
applied to one end of the line, causing air to enter through the drying 
tube and down through the aspirator tube. The air bubbles thus effected a 
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constant mixing between the acid and toluene layers. Water of reaction was 
then removed through the drying tube at the vacuum line. The reaction tube 
was placed into an oil bath heated to 140 C. The reaction proceeded for 
2.5 hr. During this time, two 10 ml portions of toluene were added to re­
plenish the supply that had boiled away. 
Upon culmination of the reaction, the aspirator assembly was removed, 
and the contents of the tube were cooled to room temperature. The para 
isomer of toluene sulfonate was extracted with four 20 ml portions of 
diethyl ether and evaporated to dryness. The residue was again extracted 
with four 20 ml portions of ether and evaporated to dryness in a 600 ml 
beaker. 
The final residue was dissolved in 200 ml of deionized water. The 
contents in the beaker were titrated with 0.1 N Ba(OH)^ to pH 7.00 on a 
35 
Beckman Expanded Scale pH meter. The precipitate of Ba SO^ was allowed to 
stand overnight and removed the following day by filtration through a 
Millipore filter apparatus consisting of a 0.45 p Millipore filter over­
lay ed by Whatman #42 filter paper. The filtrate was transferred from the 
vacuum flask to a tared 250 ml beaker and evaporated to dryness. The resi­
due was dried iji vacuo at 80 C to a constant weight. 
After the exact weight of barium p-toluenesulfonate was recorded, the 
crystals were dissolved in 100 ml of distilled, deionized water. An equi-
molar amount of Na^SO^, which had been dried to a constant weight, was dis­
solved in 20 ml of deionized water. The solution of NagSO^, along with 
three rinses, was added to the sulfonate mixture with constant stirring. 
BaSO^ was removed by filtration as described previously. A chromatographic 
analysis of an aliquot from the filtrate showed a single spot for 
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p-toluenesulfonate and the conspicuous absence of sulfate. 
The filtrate was evaporated to dryness in a deep-walled evaporating 
dish at room temperature, transferred to a tared weighing bottle, dried to 
constant weight, and then stored in a vacuum desiccator for further use. 
The final yield was 69% of theoretical. 
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Ring-labelled 1 - C - p-toluenesulfonate was prepared by sulfonation 
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of 1 - C - toluene, obtained from New England Nuclear Corp. The reaction 
mixture containing the radioactive toluene, 100 pi of unlabelled toluene, 
and 50 pi of H^SO^ was heated at 100 C for 5 hr in a closed system to pre­
vent loss of toluene. The reaction mixture was then cooled to room temper­
ature, and p-toluenesulfonate was extracted as previously described. The 
residue was dissolved in 25 ml of deionized water and neutralized with 
1 N NaOH to pH 7.0. No attempt was made to determine the quantity of 
p-toluenesulfonate or to remove sulfate ion. 
Isolation and Maintenance of Cultures 
A pure culture capable of utilizing p-toluenesulfonate (pTS) as both 
a sole carbon and sulfur source was obtained by the shake-flask enrichment 
technique. A sample of mud and sewage effluent (90 ml) was added to a 
250 ml Erlenmeyer flask containing 10 ml of lOX basal salts medium, 100 mg 
of p-toluenesulfonic acid (see Chemicals) and 10 mg of glucose. The flask 
was incubated at room temperature on a rotary platform shaker. 
Every one to three weeks, for a period lasting several months, the 
culture was transferred in 10 ml amounts to 100 ml of sulfate-free media 
and then through several passages of media containing only p-toluenesulfon­
ate as a sole sulfur and carbon source. Carry-over was finally eliminated 
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by three serial transfers with a sterile inoculating loop. Growth was 
observed by the appearance of turbidity. Punctiform colonies were obtained 
when an inoculum was streaked onto an agar plate containing p-toluenesul-
fonate (0.1%) as the only energy source. A pure culture was thus obtained. 
The isolate was incubated at room temperature. Since little differ­
ence in growth was noted between shake-flask and stationary-flask incuba­
tion, the latter condition was employed. Periodic transfers to 125 ml 
Erlenmeyer flasks, containing 50 ml of fresh medium, were made to insure 
viability. The isolate was also stored at 4 C on p-toluenesulfonate agar 
slants. 
Taxonomic Tests 
Taxonoraic methods were in accordance with those described by Conn 
(1957) and Focht (1965). 
Growth of Bacteria 
The isolate was routinely grown at room temperature in 50 ml of 0.1% 
pTS basal salts medium in 125 ml Erlenmeyer flasks. For the production of 
large amounts of cells the organism was grown in a fermenter (New Brunswick 
Scientific Company) containing 10-15 liters of pTS basal salts medium. As 
an inoculum, cells were first grown in 1 liter of medium contained in a 
2.5 liter Fembach flask and then transferred to the fermenter tank. 
When cells were grown in nutrient broth (Difco, 1953), 1.0 ml of 
inoculum from a three day old culture was added to 1.5 liters of nutrient 
broth contained in a 2.5 liter Fembach flask. The flask was incubated at 
room temperature on a rotary platform shaker. 
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Benzenesulfonate-grown cells were obtained from the original p-toluene-
sulfonate culture by three serial transfers into benzenesulfonate-basal 
salts media (50 ml). When the optical density of the culture reached 0.44, 
1.0 ml was inoculated into two separate flasks containing o-phenol sulfon­
ate and p-phenol sulfonate-basal salts medium. 
Relationship of Growth to p-Toluenesulfonate 
Disappearance and Sulfate Liberation 
A 2.5 liter Fembach flask containing basal salts and 1.00 g of sodium 
p-toluenesulfonate in 1.000 liter of distilled water was weighed before and 
after sterilization. Water lost by autoclaving was compensated by adding 
enough sterile water to bring the volume back to 1.000 liter. Samples of 
15 ml were withdrawn asceptically by sterilized volumetric pipettes. The 
flask and its contents were weighed before the withdrawal of each sample. 
Evaporation losses were corrected by replacing the flask with the right 
amount of sterile water before taking samples. 
Each sample was first measured for growth turbidimetrically on a Baush 
and Lomb Spectronic 20 spectrophotometer at 525 mia. Cells were then re­
moved by filtration through a 0.25 Millipore filter, and the spent medium 
analyzed for p-toluenesulfonate and sulfate concentrations. 
A microturbidimetrie analysis of sulfate was performed using modifica­
tions of procedures by Grunbaum and Pace (1965) and American Public Health 
Service (1960). The sample size varied from 1.0 to 10.0 ml, depending on 
the suspected sulfate concentration. In all cases, the sample was added to 
a 50 ml beaker, the final volume was brought to 10 ml with deionized water, 
and 1.0 ml of conditioning solution containing KCl instead of NaCl (American 
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Public Health Service, 1960 p. 274) was added. The solution was stirred 
for 30 sec with a magnetic stirring bar. A level spoonful of BaCl^ crys­
tals (about 10 mg) was added from a microhornspoon to the solution, and 
the suspension was stirred for 30 sec. The contents were immediately trans­
ferred to a calibrated test tube, placed into a spectrophotometer and the 
optical density recorded at 525 m]i. These readings were compared to a 
standard curve. 
p-Toluenesulfonate was determined by making a 1/100 dilution of the 
culture supernatant with deionized water, and recording the optical density 
at 222 mp .by a hydrogen lamp on a Beckman D B spectrophotometer. 
Since the molar extinction coefficient for p-toluenesulfonate in a 1 cm 
-1 -1 
cuvette 0^222 ~ 12,400 M cm ) had been determined on a series of stan­
dards, the concentration of the sample could be determined by Beer's Law. 
Utilization of Aromatic Compounds as Sole Carbon Sources 
Growth studies were performed in 250 ml Nephelometry flasks. Each 
flask contained 30 ml of basal salts medium and a specific carbon source 
as shown in Table 1 (Results). All flasks were inoculated with 1.0 ml 
from a 3-4 day old culture,' grown in pTS basal salts medium, and incubated 
at room temperature. Growth was measured turbimetrically at specified in­
tervals in the growth phase (Results, Fig. 10). 
Preparation of Resting Cell Suspensions 
Cells were harvested from a fermentor tank at an optical density of 
0.30. They were collected by batch centrifugations at 37,000 g for 10 min 
in a Sorvall RC - 2 centrifuge at 4 C. The sedimented cells were resuspended 
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in 0.1 M phosphate buffer pH 7.5 and pooled together. The cells were 
washed twice in buffer, and the optical density was adjusted to 50 at 
525 mp. The resting cell suspension was exhausted of endogeneous activity 
by stirring with a magnetic stirring bar in a 125 ml Erlenmeyer flask at 
4 C for 16-48 hr. After this incubation, the cells were centrifuged, re-
suspended in buffer to an optical density of 50, except where otherwise 
stated, and incubated at room temperature for 1 hr on a rotary platform 
shaker. The suspension was then ready for use. Resting cell suspensions 
from nutrient broth-grown cells were prepared in the same manner. 
Preparation of Acetone-dried Cells 
The method of Umbreit ^  (1964, p. 149) was employed for preparing 
acetone-dried cells. Dried cells were stored at -10 C. For manometric 
studies, 10 mg of acetone-dried cells were used per Warburg flask. 
Disruption of Cells and Preparation of Cell-free Extracts 
Several methods were used for disrupting cells. The Bronwill-Biosonik 
II was found to be the most efficient method. Equal volumes of cell sus­
pensions and powdered glass were placed in a 50 ml beaker. The contents of 
the beaker were cooled by an ice bath during the sonication procedure. 
Eight 30 sec bursts were delivered from the needle probe, allowing for a 
30 sec cooling period between each burst. 
Cell debris was removed by centrifugation at 37,000 g for 20 min. 
Soluble protein was determined by biuret reagent (Colowich and Kaplan, 
1957). Protein yield ranged from 22-30 mg/ml by use of this method com­
pared with a bovine serum albumin standard. 
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Cell-free extracts were also prepared by sonic oscillation on a 10 kc 
Raytheon Sonic Oscillator with 1 g powdered glass. The sonication cell was 
cooled by circulating cold tap water during the disruption procedure. Pro­
tein yield by this method ranged from 17-25 mg/ml. 
Four other disruption techniques were employed. A pre-cooled Aminco 
2 
French Pressure Cell was used at a pressure of 20,000 lb/in with the cell 
suspension being passed through three times. Cells were also ground with 
powdered glass by use of a mortar and pestle according to the method of 
Umbreit ^  (1964, p. 143). Alternate freezing and thawing at -10 C was 
performed for four cycles to disrupt cells. Autolysis of washed, resting 
cells to yield soluble protein was effected by following the same procedure 
used for exhausting endogeneous activity, except that the incubation time 
was increased to 98 hr. None of these four methods yielded a soluble pro­
tein concentration higher than 5 mg/ml. Cell-free extracts were stored at 
-10 C. The enzyme, metapyrocatechase remained active for six months when 
stored under these conditions. 
Manometry 
The methods of Umbreit £t al. (1964) were used for measuring oxygen 
uptake manometrically. Calibrated Warburg flasks containing a total fluid 
volume of 3.2 ml were used in all experiments involving oxygen uptake 
either by washed, resting cells or by cell-free extracts. The center well 
of the flask contained a strip of filter paper immersed in 0.2 ml of a 20% 
(w/v) solution of potassium hydroxide to absorb carbon dioxide. The main 
compartment of the flask contained 2.0 ml of the cell-free extract diluted 
in phosphate buffer, representing 15 mg of soluble protein, where possible. 
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or 2.0 ml of a resting cell suspension. The appropriate amount of sub­
strate was prepared in phosphate buffer and 1.0 ml placed into the side 
arm. The flask and contents were equilibrated for 15 min in the water bath 
before tipping the contents of the side arm in to commence the reaction. 
All flasks were incubated at 25 C in a constant temperature water bath with 
an agitation rate of 100 cycles per min. 
When resting cells were used in sequential induction experiments, 3 p 
moles of substrate were usually placed into the side arm yielding a final 
concentration of 1 p mole/ml. In some cases (Table 2, Results) 25 p moles 
of substrate were used per flask. When cell-free extracts were used, 50 p 
moles of substrate were placed in the side arm. 
Readings for oxygen uptake were taken at 10, 15, 20, 30 or 60 min in­
tervals depending on the length of time necessary to follow the reaction. 
A thermobarometer was employed to correct for pressure and temperature 
fluctuations. An endogeneous control containing 1 ml of phosphate buffer, 
instead of substrate, was used in all experiments. 
Demonstration of the degradation of p-toluenesulfonate by inducible 
enzymes was shown by exposing a resting cell suspension, grown on nutrient 
broth, to p-toluenesulfonate and following the oxidation rate manometri-
cally. 
Incubation of Cell-free Extracts with p-Toluenesulfonate 
An attempt was made to see what variables, if any, influenced the 
degradation of p-toluenesulfonate cell-free extracts. Degradation of 
p-toluenesulfonate was measured manometrically, adhering to the normal 
protocol. All flasks contained 25 moles of p-toluenesulfonate and 10 mg 
20 
of protein. 
Six different disruption techniques (see Disruption of Cells and 
Preparation of Cell-free Extracts) were employed to see if the method of 
preparing cell-free extracts had any affect on their activity. 
Extracts were also obtained from growing cells harvested at 2, 4, 5, 
11, and 13 days when the respective optical density units were 0.10, 0.17, 
0.21, 0.27, and 0.31. All extracts were prepared by use of the Biosonik II 
for this experiment. In addition, 50 pg of the following cofactors were 
added to each flask: adenosine triphosphate (ATP), oxidized nicotinamide 
adenine dinucleotide (NAD), reduced nicotinamide adenine dinucleotide 
(NADH), oxidized nicotinamide adenine dinucleotide phosphate (NADP), reduced 
nicotinamide adenine dinucleotide phosphate (NADPH), oxidized flavin ade­
nine dinucleotide (FAD), and reduced glutathione. 
Tris-(hydroxymethyl)aminomethane (TRIS) buffer, (pH 8.0, O.lM) was 
employed in place of phosphate buffer in one study involving extracts ob­
tained from the French press and the sonic oscillator. The original cell 
suspensions were disrupted in Tris buffer. 
In addition to manometric analyses, p-toluenesulfonate degradation by 
cell-free extracts was measured for sulfate by the microturbidimetric 
method. Extracts were prepared by sonic oscillation from a resting cell 
suspension, which was exhausted of exogeneous p-toluenesulfonate. A sul­
fate determination was taken at 0 and 3 hr from deproteinized extracts. 
Deproteinization 
Protein was precipitated by the acidification of reaction mixtures 
with concentrated hydrochloric acid. The precipitate was then removed 
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either by low speed centrifugation or by filtration through Whatman #42 
filter paper. The supernatant (or filtrate) was then prepared for analysis. 
Paper Chromatography 
Supernatant products were separated by ascending chromatography on 
Whatman #3 MM chromatography paper in all cases. The quantity of material 
applied to the paper ranged from 25 to 100 ]il. A hair dryer was used in 
most cases to minimize the diameter of the spot and to hasten application 
of the material by drying. Known compounds were run as standards in all 
chromatographic systems, except radio chromatography. 
Sulfonates, catechols, and organic acids (as ammonium salts) were 
effectively separated in either of two solvent systems. One solvent system 
consisted of n-propanol-concentrated ammonium hydroxide (usually 3:1, by 
volume); occasionally ratios of 2:1 and 4:1 were used, when slightly dif­
ferent separation patterns were desired. Higher concentrations of propanol 
gave better separation between sulfonates and catechols, while lower con­
centrations of propanol gave better separation between sulfonates. The 
other solvent system employed was n-butanol-95% ethanol-0.5 N ammonium 
hydroxide (7:1:2, by volume). p-Toluenesulfonate was detected by spraying 
with a 0.1% aqueous solution of pinacryptol yellow according to the method 
of Borecky (1959). Catechols were detected by spraying with ammoniacal 
silver nitrate (10% AgNO^ in 5 N NH^OH, w/v) or a 2% aqueous solution of 
FeCl^ (Harborne, 1964). Acetate and formate were detected by spraying with 
a nonspecific acid-base indicator of 0.05% bromthymol blue dissolved in 90% 
methanol, pH 7.4. Some inorganic salts and p-toluenesulfonate also reacted 
with this spray. 
Keto acids and aldehydes were converted to 2,4-dinitrophenyl hydra-
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zones by the method of Aronoff (1956) and chromatographically separated in 
two different solvent systems. Neutral hydrazones were spotted from the 
first chloroform extraction. One was the.same as mentioned previously 
(butanol, ethanol, 0.5 N ammonium hydroxide); the other was from the top 
layer of a tertiary amyl alcohol-ethanol.-water phase (5:1:4, by volume). 
Following development of the chromatogram, the color of the 2,4-dinitro-
phenyl hydrazones was enhanced by spraying with 1 N NaOH. 
Organic acids were converted to methyl esters by the method of Burg 
and Brown (1966) and then to hydroxamates by the method of Fink and Fink 
(1949). The hydroxamates were chromatographed in a solvent system of 
butanol:acetic acid:water (67:17:16, by volume). Hydroxamates were de­
tected by spraying with a 1% aqueous solution of FeCl. 
Detection of Radioactive Materials 
Supernatant materials from reaction mixtures containing radiosiotopes 
were separated under conditions described previously (Paper Chromatography). 
Before applying the sample, paper chromatograms were first lined with pencil 
into 0.5 cm or 1.0 cm strips depending on the degree of resolution desired. 
The width of each chromatogram varied from 3-15 cm according to the nature 
of the experiment. A reaction supernatant, except when specified other­
wise, was streaked across one end of the paper in an area 1.5-2.0 cm from 
the edge. The material was usually applied until the paper could hold no 
more, without permitting it to spread. Chromatograms were normally de­
veloped to a height of 20 cm. 
Upon drying, the chromatograms were cut into strips, and each strip 
was placed into a 20 ml glass scintillation vial. Each vial was filled 
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with 20 ml of scintillation solvent containing 5 g PPO (2,5-diphenyloxa-
zole), 100 g naphthalene QT 1 liter with 2,4-dioxane (Baker scintillation 
grade). Each vial was counted for a 10 min period on a Beckman DPM-100 
Liquid Scintillation Counter. The vials were left in the dark for 12 hours 
and counted again to be sure that counts above background were due to 
radioactivity and not photoluminescence. 
Isolation of Intermediates from Culture Supernatants 
From a culture in the early stationary phase (an optical density of 
0.33), 400 ml of supernatant was obtained by centrifugation, which was 
placed into a wide-walled 500 ml evaporating dish. The aqueous superna­
tant was underlayed with 20 ml of chloroform to prevent bacterial growth. 
After evaporation to dryness at room temperature, the residue was taken up 
in 5.0 ml of deionized water and divided into two portions. One portion 
was converted to 2,4-dinitrophenyl hydrazone derivatives; the other portion 
was untreated. Both portions were subsequently analyzed by paper chroma­
tography. 
Isolation of Intermediates from the Degradation of 
Catechols by Cell-free Extracts 
Cell-free extracts were incubated in three separate Warburg flasks: 
the first contained 50 p moles of catechol; the second contained 50 p moles 
of 3-methylcatechol ; the third served as an endogeneous control. When 
oxygen uptake ceased, the flasks were removed and divided into two por­
tions. One portion of each flask was treated with 2,4-dinitrophenyl hydra­
zine; the other portion was treated with concentrated hydrochloric acid. 
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All three deproteinized reactions were analyzed by paper chromatography. 
Isolation of Radioisotopes from Resting Cell Suspensions 
14 35 
Intermediates from both C and S isotopes of p-toluenesulfonate 
were separated by chromatography. Resting cell suspensions normally con­
tained about 10 moles/ml of labelled p-toluenesulfonate having a specific 
activity of 0.1 pc/p mole. Reaction mixtures were incubated on a rotary 
platform shaker at room temperature. After incubation periods ranging from 
1.5-8 hr, the cells were harvested by centrifugation. The pellet and 
centrifuge tube were rinsed twice with deionized water. The cells were 
disrupted by the Biosonik II while in the centrifuge tube by the method 
described previously. Protein and debris were removed by precipitation 
with 1.0 ml concentrated hydrochloric acid followed by centrifugation at 
37,000 g for 15 min. The acid soluble fraction was neutralized with 2 ml 
of concentrated ammonium hydroxide and evaporated to dryness in a 10 ml 
beaker at room temperature. The residue was taken up in two 1 ml portions 
of aqueous methanol and filtered through Whatman #42 filter paper. The 
filtrate was then analyzed radiochromatographically. 
Extraction of Labelled Intermediates 
Strips containing intermediates were pooled together for analysis in 
certain cases. If the intermediates were insoluble in the scintillation 
solvent, they were removed and washed four times with hexane to remove re­
sidual scintillation solvent. If the intermediate was soluble in the 
scintillation solvent, all vials and strips containing the intermediate 
were pooled together in.a 600 ml beaker and evaporated to dryness. The 
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residue was mixed with 200 ml of deionized water and stirred with a mag­
netic stirring bar for 4 hr. The suspension was filtered through Whatman 
#42 filter papei, and the filtrate was evaporated to dryness. This proce­
dure was repeated two more times using volumes of 50 ml and 10 ml respec­
tively for redissolving the residue. 
Oxygen Uptake vs Sulfate Liberation 
A resting cell suspension having an optical density of 15 was divided 
into three portions. Two Warburg flasks contained 2.4 ml of the cell sus-
_3 
pension. To the side arm of one flask was added 0.6 ml of a 5.00 x 10 M 
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solution of S - p-toluenesulfonate having a specific activity of 50.0 
p c/^ mole. The other flask, serving as the endogeneous control, was brought 
to a volume of 3.0 ml with phosphate buffer. The third portion of the cell 
suspension (32.0 ml) was placed into a large Warburg flask (about 120 ml) 
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containing 8.00 ml of the S - p-toluenesulfonate solution in the side 
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arm. The final concentration of cells and S - p-toluenesulfonate 
(1.00 mole/ ml) was the same in both flasks when the contents from the 
side arm were tipped in. 
Oxygen uptake was recorded at 30 min intervals over a period of 16 hr 
from the smaller flask; these readings were corrected by subtracting the 
endogeneous respiration rates. Since the barometric pressure was recorded 
at the start of the experiment, readings of 0^ uptake in pi were converted 
to la moles. Sulfate and p-toluenesulfonate determinations were made at 
intervals of 0.10, 3, 6, 9, 13, and 16 hr from 5.00 ml aliquots of cell 
suspension contained in the large Warburg flask. The supernatant was 
spotted in 100 ill amounts with a micro-pipette onto prelined chromatography 
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paper. Sulfate and p-toluenesulfonate were separated chromatographically. 
Knowing the total radioactivity in both peaks, the specific activity, and 
the dilution factors, it was then possible to quantitatively express the 
amount of each as a function of time. 
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RESULTS 
Characteristics of the Isolate 
The isolate was a gram-negative rod-shaped bacterium motile by means 
of two or more polar flagella. It grew well on nutrient agar at either 25 C 
or 37. C and formed irregular, raised, smooth, cream-colored colonies, which 
were fluorescent under ultraviolet light (254 m ). An odor of trimethyl-
amine was evident when the organism was grown on nutrient agar at 37 C; 
however, when it was grown at 25 C, a putrid odor was noticed. The isolate 
grew best at 25 C, but did not grow at all at 37 C in pTS basal salts 
medium. Acid production from glucose was variable. No growth was attained 
under anaerobic conditions. The isolate was catalase-positive and oxidase-
positive. On the basis of these characteristics, the isolate was identi­
fied as a Pseudomonas. 
Utilization of Aromatic Compounds as Sole Carbon Sources 
Only five of the thirty compounds tested—other than p-toluenesulfonate 
--were utilized for growth as shown in Table 1. Significantly, neither 
sulfobenzoate, phenol sulfonates, nor cresol sulfonates supported growth. 
Growth curves representing the substrates that were utilized are shown in 
Figure 1, with exception of 3-methylcatechol. This compound was too ex­
tensively colored by chemical oxidation after 36 hr to permit accurate opti­
cal density readings. Notice (Fig. 1) that p-toluenesulfonate was not util­
ized as rapidly as the other substrates, including benzenesulfonate. 
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Table 1. Utilization of aromatic compounds as sole carbon sources for 
growth of p-toluenesulfonate-grown cells 
Substrate Concentration Growth 
Control (g/L) 
p-Toluenesulfonic acid 1.0 + 
Benzenesulfonic acid 1.0 + 
p-Sulfobenzoic acid 1.0 -
p-Phenol sulfonic acid 0.5 -
o-Phenol sulfonic acid 0.5 -
p-Toluenesulfinic acid 1.0 -
Benzenesulfinie acid 1.0 + 
Benzoic acid 0.5 -
p-Hydroxy benzoic acid 0.5 -
Salicylic acid 1.0 + 
Gentisic acid 1.0 + 
Protocatechuic acid 0.5 -
2,4-Dihydroxybenzoic acid 0.5 -
2,3-Dihydroxyb enzoic acid® 0.5 -
Pyrogallic acid^ 0.4 -
Benzenetriol^ 0.4 -
Catechol^ ^ 0.5 + 
3-Methylc a techol 0.5 + 
Hydroquinone* 0.5 -
Orcinol^ 
Resorcinal 
0.5 -
0.5 -
p-Cresol 0.2, 0.5 -
o-Cresol 0.2, 0.5 -
m-Cresol 0.2, 0.5 -
Phenol 0.4 -
Benzyl alcohol 0.5 -
Toluene^ 1.0 -
Benzene^ 1.0 -
p-Cresol sulfonic acid (isomers) 1.0, 5.0 -
o-Cresol sulfonic acid (isomers) 1.0, 5.0 -
m-Cresol sulfonic acid (isomers) 1.0, 5.0 -
^Because these chemicals became colored upon exposure to oxygen unin-
oculated flasks containing the same concentration of material were used to 
standardize the spectrophotometer. 
^These compounds were chemically oxidized to such dark colors that 
turbidity, if any, could not be seen. The culture was streaked onto basal 
salt agar containing these substrates; therefore, only the absence of pres­
ence of growth could be recorded. 
sterile amount of each liquid was added asceptically after sterili­
zation and cooling. 
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Figure 1. Growth rates of p-toluenesulfonate-grown organisms in catechol 
(squares), benzenesulfonate (open circles), benzene sulfinate 
(triangles), and p-toluenesulfonate (closed circles) basal salts 
media. Points are averaged over 20 hr intervals 
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Oxidation of Aromatic Compounds by Resting Cells 
The manometric data (Table 2) were very similar to the growth data. 
Oxygen consumption rates were calculated by dividing total oxygen consump­
tion by the total time of the experiment (2 hr). All plots were linear ex­
cept with gentisic acid, which exhibited a 30 min lag; hence the oxidation 
rate is calculated on the basis of 1.5 hr. In accordance with Stanier's 
(1947) concept of sequential induction, gentisic acid is an unlikely inter­
mediate in the degradation of p-toluenesulfonate. Note that once again 
benzenesulfonate is oxidized more rapidly than p-toluenesulfonate (Fig. 2). 
In a few selected cases, the oxidation of certain compounds was fol­
lowed to completion in order to determine if total mineralization had 
occurred. The results are tabulated in Table 3. 
When cells were grown on nutrient broth and then exposed to utilizable 
aromatic substrates, oxidation was not immediate (Fig. 3). A very short 
lag period existed for the oxidation of catechol and 3-methylcatechol. 
This was probably due to the presence of tryptophan in nutrient broth. 
This amino acid is degraded via catechol, and hence induces formation of 
metapyrocatechase. Again, benzenesulfonate was oxidized at a more rapid 
rate and at a shorter lag than p-toluenesulfonate, which was the last of 
these compounds to undergo oxidation. 
Benzenesulfonate-adapted Bacteria 
Cells grown on benzenesulfonate failed to grow on o-phenol sulfonate 
as a sole carbon source, although they did grow with limited success on 
p-phenol sulfonate to an optical density of 0.13 after two weeks incubation. 
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Table 2. Oxidation of aromatic compounds by p-toluenesulfonate-adapted 
bacteria 
Substrate^ Oxidation rate (u 1/hr) 
Benzenesulfonic acid 
p-Toluenesulfonic acid 
3-Methylcatechol 
Catechol 
Gentisic acid 
Salicylic acid 
p-Hydroxybenzoic acid 
o-Phenol sulfonic acid 
p-Phenol sulfonic acid 
Benzenesulfinic acid 
p-Sulfobenzoic acid 
p-Toluenesulfinie acid 
Protocatechuic acid 
2.3-Dihydroxybenzoic acid 
2.4-Dihydroxybenzoic acid 
Toluene 
Benzoic acid 
o-Cresol 
p-Cresol 
m-Cresol 
o-Cresol sulfonate (isomers) 
p-Cresol sulfonate (isomers) 
m-Cresol sulfonate (isomers) 
179 
159 
120 
120 
120 
0 
70 
130 
97 
132 
0 
13 
0 
0 
0 
50 
5 
10 
10 
0 
0 
0 
0 
25 p moles/flask. 
Table 3. Total oxygen consumption by resting cells with aromatic compounds 
Substrate* Total oxygen consumption Percentage of theo-
ml 11 moles retical oxidation 
p-Toluenesulfonate 653, 546 26.9, 22.4 91D 
Benzenesulfonate 483 19.9 89 
Catechol 400 16.4 85 
3-Methylcatechol 445 18.3 87 
o-Phenol sulfonate 146 6.0 29 
p-Phenol sulfonate 132 5.4 26 
^Amounts of substrate was 3.0 ]i moles, employing manometric procedures 
previously described. 
Average value from two experiments. 
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Figure 2. Rates of oxygen uptake by washed p-toluenesulfonate-grown cells 
in the presence of p-toluenesulfonate (closed circles), benzene-
sulfonate (open circles), 3-methylcatechol (closed squares), 
catechol (open squares), o-phenol sulfonate (closed triangles), 
and p-phenol sulfonate (open triangles). All points are corrected 
for endogenous respiration. Points are averaged over one hr in­
tervals from 30 min readings 
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Figure 3. Rates of oxygen uptake by washed, nutrient broth-grown cells in 
the presence of nutrient broth (open circles), p-toluenesulfonate 
(closed circles), benzenesulfonate (open squares), benzenesulfin-
ate (closed squares). Oxygen uptake rates for catechol and 3-
methylcatechol were virtually identical and are shown together 
as one (triangles). All rates are corrected for endogenous 
respiration. Points are averaged over 60 min intervals from 15 
min readings 
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Relationships of Growth to p-Toluenesulfonate 
Disappearance and Sulfate Liberation 
Growth rates in pTS-basal salts medium were seldom consistent. When a 
small inoculum (0.1%) was used, a non-sigmoid growth curve usually occurred 
(Fig. 4), whereas the use of a large inoculum (4%) brought about the char­
acteristic sigmoid growth curve (Fig. 1). It can be seen from Fig. 4 that 
the growth rate is parallel to the appearance of sulfate, and the latter is 
stoichiometric balanced by the disappearance of p-toluenesulfonate. No 
sulfite or other form of inorganic sulfur was found during the entire per­
iod of growth. 
Relationship of Oxygen Uptake to Desulfonation 
35 
When the degradation of S - p-toluenesulfonate by resting cells was 
followed until oxygen uptake levelled off to the endogeneous rate, 8.00 
moles of oxygen were required to convert one mole of p-toluenesulfonate to 
35 
sulfate. Consequently, readings for S - sulfate were multiplied by a 
factor of eight to show the parallel rates of oxygen uptake and sulfate 
35 
liberation (Fig. 5). During this entire period, no S - intermediates 
were found in the resting cell supernatant. 
Radioisotope Studies 
35 
When S - metabolites were extracted from disrupted cells (see 
Methods and Materials) and separated by radiochromatography, the profile 
shown in Figure 6 was always consistent for over one dozen experiments, ex­
cept that the sulfate peak was larger and the p-toluenesulfonate peak 
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Figure 4. Relationship of growth rate (triangles) to appearance of sulfate 
(closed circles) and disappearance of p-toluenesulfonate (open 
circles). Points are averaged over 4 day intervals from daily 
readings. Sulfate and p-toluene quantities are expressed on the 
ordinate at the left, while growth is measured on the ordinate 
at the right 
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Figure 5. Rates of oxygen uptake (open circles) and sulfate liberation 
(closed circles). Points for sulfate are expressed as 8.00 
times the quantity that was found 
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Figure 6. Radiochromatographic analysis of products found from 1.5 hr incu­
bation of washed cells with - p-toluenesulfonate (open cir­
cles) and 1-^^C - p-toluenesulfonate (closed circles). The 
products were separated in a solvent system of n-propanol and 
concentrated ammonium hydroxide (3:1, by volume) 
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smaller with longer incubation times. Two peaks containing sulfonated in­
termediates were found at 8 and 11 cm from the origin. For convenience 
they shall be called X and Y, respectively. It was found that the percentage 
of both X and Y was fairly constant at all periods of incubation, never ex-
35 
ceeding 1% of the total radioactivity for S - compounds. 
14 
Identical experiments with 1- C - p-toluenesulfonate showed that 
certain - peaks coincided with - peaks—notably X, Y, and p-toluene­
sulfonate. Since a - product was found to coincide with - sulfate 
at the origin, precautions were taken to be sure that a sulfonated intermed-
35 iate was not also present. When S - sulfate strips were gathered from 
different incubation times, pooled together, and shaken with BaClg solu­
tion, no radioactive material was extracted. This indicated that the 
35 14 S - peak was pure sulfate. The corresponding C - peak was most likely 
one or more very polar acids, probably from the citric acid cycle. 
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Enough S - intermediate Y was collected from several experiments 
and pooled together to give about 10,000 cpm. When this product was incu­
bated with cell-free extracts for 8 hr, X and sulfate were produced 
(Fig. 7) although complete degradation of Y did not occur. 
The furthest peak from the origin (18 cm) in Figure 6 contains only a 
- label. A larger amount of this product was found in culture super-
nates with prolonged incubation periods. This compound had a similar Rf 
value to an authentic sample of 3-methylcatechol. 
Resting cells were incubated with - p-toluenesulfonate for 8 hr, 
at which time over 95% of p-toluenesulfonate was degraded. The supernatant 
and disrupted cells were treated with 2,4-dinitrophenyi hydrazine to detect 
labelled keto acids. The results in Figure 8 show a peak at 14 cm from the 
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Figure 7. Radiochromatographic analysis of products found from 8 hr incuba­
tion of cell-free extracts with - intermediate Y. Relation­
ship of p-toluenesulfonate in this solvent system of n-propanol 
and concentrated ammonium hydroxide (7:3, by volume) is shown by 
the dashed line 
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origin that had a similar Rf as authentic 3-methylcatechol in this solvent 
system. The peak at 9.5 cm is p-toluenesulfonate. The shaded areas in the 
diagram below the abscissa represent the hydrazones that were found. Three 
hydrazones found at 6, 8, and 12 cm were unlabelled. The latter two had 
similar Rf values to the two stereoisomers of the hydrazone derivatives of 
pyruvate (see Table 4). The other unlabelled hydrazone at 6 cm was not 
identified. It would be pointless to make any other correlations concern­
ing labelling patterns of hydrazones since an identical radiochromato-
graphic profile to that shown in Figure 8 was obtained without the addition 
of 2,4-dinitrophenylhydrazine. Notice that the total cpm shown in Figure 8 
for all compounds is much lower than the total cpm for at an earlier 
incubation time (Fig. 6). Indeed there is no large buildup of an end 
product to account for a 95% loss of p-toluenesulfonate. Apparently this 
loss is due to the complete oxidation of p-toluenesulfonate to carbon diox­
ide, through the citric acid cycle. 
Since the Rf of the peak 2.5 cm from the origin was close to that of 
acetate and formate, the strips from several experiments were pooled to­
gether and the products converted to hydroxamate derivatives. Only about 
1% of the total radioactivity of this peak was found as the hydroxamate 
derivative of acetate. So it is obvious that this peak contains some com­
pound other than acetate. 
Strips were pooled together from all experiments containing what was 
believed to be 3-methylcatechol. The material was eluted and analyzed. It 
reduced ammoniacal silver nitrate and was precipitated by lead acetate. 
The remainder of the product was incubated with cell-free extracts for 5 hr. 
Acids in the reaction mixture were converted to hydroxamate derivatives. 
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Figure 8. Radiochromatographic analysis of products found from 8 hr incuba­
tion of washed cells with l-^^c - p-toluenesulfonate (circles). 
The area below the abscissa represents the corresponding location 
of hydrazones (shaded area) that were found 
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Carrier acetic hydroxamate was added, and the mixture was chromatographed. 
The results shown in Figure 9 indicate that acetate is a degradation 
product of this compound, which is probably 3-methylcatechol. 
Culture Supernatants 
The separation of culture supernatant products by paper chromatography 
is shown in Table 4. On the basis of similar Rf values of hydrazones in 
two solvent systems, pyruvate is a probable product. Also, a sweet odor, 
resembling that produced from pyruvic acid, was noticed in acidified cul­
ture supernatants. An unidentified hydrazbne was observed at Rf .23 (Sol­
vent A) , which coincided to the unlabelled hydrazone found from resting 
cells (Fig. 8). Other unidentified hydrazones were found at Rf values of 
.23 and .41 (Solvent B). 
Oxidation of Substrates by Cell-free Extracts 
Of all compounds tested—excepting the radioactive intermediate—only 
catechol and 3-methylcatechol were oxidized by cell-free extracts. 
p-Toluenesulfonate was never oxidized even when cell-free extracts were 
prepared by six different disruption techniques, or from cells harvested 
during different periods of growth, or in Tris buffer. The addition of 
coenzymes to the reaction mixture also failed to bring about oxidation of 
p-toluenesulfonate, as did the use of acetone-dried cells. 
Cell-free extracts oxidized catechol and 3-methylcatechol at about 
the same rate (Fig. 10) with the consumption of approximately one mole of 
oxygen per mole of substrate. Since boiled extracts did not catalyze this 
reaction, it was evidently enzymatic. The reaction was inhibited by 
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Figure 9. Radiochromatographic analysis of the hydroxamate derivative of 
acetic acid. Closed circles represent the product found from 
the incubation of 1-^^C - intermediate with cell-free extracts, 
while the shaded area below the abscissa corresponds to the 
position of authentic acetic hydroxamate 
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Figure 10. Rates of oxygen uptake by cell-free extracts incubated with 
catechol (closed circles) and 3-methylcatechol (open circles) 
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Table 4. Rf values of intermediates and reference compounds 
Compounds Solvent^ 
2,4-Dii'i.itrophenvl hydrazones A B 
Pyruvate .42, .60^ .63, .78^ 
Acetaldehyde .92 .95 
Glyoxylate ,33, .57, 
Q;-Ketobutyrate .54, .68 
Intermediates from catechol and 3-methylcate-
chol degradation by cell-free extracts .42 .63 
.60 .78 
.92 .86 
.95 
Intermediates from culture supernates of 
p-toluenesulfonate-grown cells .23 .23 
.43 .41 
.62 .63 
.78 
.86 
Ammonium salts A C 
Formate .15 .48 
Acetate .17 .50 
Chloride .13 .41 
Basal salts, except chloride 0 .08 
p-Toluenesulfonate .47 .70 
Intermediates from catechol degradation by 
cell-free extracts 0 .08 
.13 .41 
.15 .48 
Intermediates from 3-methylcatechol degrada­
tion by cell-free extracts 0 .08 
.13 .41 
.17 .50 
Intermediates from culture supernates of 
p-toluenesulfonate-grown cells 0 .08 
.14 .41 
' ,47 .72 
^(A) n-butanol - ethanol - 0.5 N NH^OH (7:1:2, by volume); (B) tertiary 
amyl alcohol - ethanol - water (top layer, 5:1:4, by volume); (C) n-pro-
panol - conc. NH^OH (3:1, by volume). 
^Two figures given for a hydrazone indicate Rf values for its stereo­
isomers. 
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2 X 10 ^  M silver nitrate and by the exposure of cell-free extracts to the 
atmosphere for 48 hr at 4 C. When catechol was incubated with cell-free 
extracts, a bright yellow substance was formed almost immediately. This 
product in O.OIN NaOH had an absorbance at 375 mp which disappeared in 
O.OIN HCl. The product formed an acidic 2,4-dinitrophenyl hydrazone and was 
identified as CK-hydroxymuconic semi-aldehyde. The enzyme catalyzing this 
reaction could be none other than metapyrocatechase on the basis of these 
characteristics. 
A bright colored product was not noticed when cell-free extracts oxi­
dized 3-methylcatechol. Since Ribbons (1966) observed that the ring fis­
sion product of 3-methylcatechol degradation was degraded as fast as it was 
formed, this possibility was considered. Dagley ^  al., (1960) found that 
treatment of Pseudomonas extracts at 53 C for 10 min did not inactivate 
metapyrocatechase, but did inactivate all other enzymes in the degradative 
pathway. When their procedure was used in this lab, a red oxidation prod­
uct, which formed a hydrazone derivative, accumulated from the degradation 
of 3-methylcatechol. 
Analysis of the reaction mixtures by paper chromatography (Table 3) 
showed spots having similar Rf values to the 2,4-dinitrophenyl hydrazones 
of pyruvate and acetaldehyde from both catechol and 3-methylcatechol degrad­
ation. Another spot at an Rf of 0.86 (Solvent B) was also found with both 
reaction mixtures. A comparison of this chromatographic data to that of 
Nishizuka e^ al., (1962), indicates that the hydrazone might correspond to 
Q!-keto-y-hydroxyvalerate. When the reaction mixtures were chromatographed 
as the ammonium salts, products chromatographically similar to formate and 
acetate were formed from catechol and 3-methylcatechol degradation, respec­
tively. 
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DISCUSSION 
The degradation of p-toluenesulfonate by Pseudomonas most probably 
involves 1) hydroxylation, 2) desulfonation, 3) ring cleavage, and 4) sub­
sequent fission of the carbon chain. The data suggest that 3-methylcate-
chol is a degradation product of p-toluenesulfonate on the basis of 1) simi-
14 lar chromatographic properties of a C-intermediate to authentic 3-methyl-
14 
catechol, 2) chemical properties of the C-intermediate that are character­
istic of catechols, 3) conversion of the ^^C-intermediate by cell-free ex-
14 
tracts to C-acetate. 
Studies with cell-free extracts have shown that 3-methylcatechol is 
cleaved by a non-specific metapyrocatechase with the uptake of one mole of 
oxygen per mole of substrate. The initial product of ring fission never 
accumulated and probably was converted to acetate and a-keto-&^hydroxyvaler-
ate as fast as it was formed, in accordance with similar findings by 
Ribbons (1966). Heat-treated extracts, in which all enzymes in the pathway 
except metapyrocatechase were inactivated, brought about the accumulation of 
a red oxidation product from 3-methylcatechol. This oxidation product 
formed a hydrazone derivative and was most probably 2-hydroxy-6-ketohepta-
2,4-dienoic acid. Since the degradation pathway of 3-methylcatechol by un­
treated extracts was found to be identical to the pathway proposed by Dagley 
et al.(1964), it is felt that further justification for the existence of the 
two keto acids shown in Figure 11 is unnecessary. Acetate, pyruvate, and 
acetaldehyde were the final products of 3-methylcatechol degradation. Fur­
ther degradation of these end products to carbon dioxide and water is proba­
bly mediated by particulate enzymes, since the oxidation of 3-methylcatechol 
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Figure 11. Proposed pathway for the degradation of p-toluenesulfonate by 
Pseudomonas 
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by whole cells was close to the theoretical value required for complete con­
version to carbon dioxide and water. 
Oxidation of p-toluenesulfonate by washed cells was over 90% of the 
theoretical value required for complete mineralization to carbon dioxide, 
water, and sulfate. Consequently, unidentified ^^C-labelled compounds found 
with resting cell studies were probably intermediates of the citric acid 
cycle. The metabolism of acetate, acetaldehyde and pyruvate, through their 
conversion to compounds of the citric acid cycle, would produce the bulk of 
energy for the cell via the complete transfer of substrate electrons through 
the cytochrome system to molecular oxygen. 
Possibilities for the initial attack on p-toluenesulfonate are 1) oxi­
dation of the methyl group to p-sulfobenzoate, 2) desulfonation to toluene, 
3) monohydroxylation to a cresol sulfonate. The first two possibilities 
are improbable in light of the data obtained from growth studies and Warburg 
respirometry studies. The third possibility would also be improbable on 
these same grounds if it could be assumed that the cresol isomers used in 
these studies were of the desired chemical structure. The chemical synthe­
sis of the two desired isomers (2-hydroxy-4-sulfotoluene and 3-hydroxy-4-
sulfotoluene) might not have been attained since phenolic groups strongly 
direct para and ortho orientation, in the respective order. Consequently, 
the possibility that a cresol sulfonate is an intermediate cannot be omitted 
on the basis of respirometry or growth studies. However, no cresol sulfon­
ates that had chromatographic properties similar to the intermediates were 
detected from the sulfonation of o- and m-cresols. 
If p-toluenesulfonate is hydroxylated by a monooxygenase, then it is 
hard to explain the following set of observations. p-Toluenesulfonate is 
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an inducer for benzenesulfonate degradation, which probably is degraded 
through catechol as previously shown by Cain and Farr (1968). Such a 
degradative pathway would involve a sulfonated phenol or catechol intermed­
iate. Therefore, if p-toluenesulfonate-grown cells oxidize phenol sulfon­
ates by a monooxygenase to produce a sulfocatechol, they should be able to 
derive enough energy for growth by desulfonation and complete degradation 
of catechol. Phenol sulfonates are oxidized to a limited extent by p-tol-
uenesulfonate-grown cells, yet they will not support growth. 
If a simultaneous dihydroxylation of o- or p-phenol sulfonate occurred, 
followed by subsequent desulfonation, the resulting products would be tri-
hydroxybenzenes—compounds that are not utilized for growth by p-toluenesul-
fonate-adapted bacteria. Failure to further oxidize trihydroxybenzenes 
would result in the incomplete oxidation of phenol sulfonates and accumula­
tion of an end product that may be toxic to growing cells. The hydroxyla-
tion of phenol sulfonates is most probably brought about by the same enzyme 
that hydroxylates p-toluenesulfonate. 
A plausible explanation for the conversation of p-toluenesulfonate to 
3-methylcatechol would be the perhydroxylation of p-toluenesulfonate to give 
2,3-dihydro-2,3-dihydroxy-4-sulfotoluene, as shown in Figure 11. A struc­
ture of this type would be consistent with similar structures proposed by 
Marr and Stone (1961) and Gibson £t al., (1967) on the perhydroxylation of 
benzene, and by several other authors (Young, 1947; Griffiths and Evans, 
1965) on the perhydroxylation of naphthalene. The first intermediate in the 
degradation pathway corresponds to compound Y (Figs. 6 and 7). This 
compound is then converted by cell-free extracts to compound X (Figs. 6 and 
7), which would most probably be 2,3-dihydroxy-4-sulfotoluene in accordance 
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i;d.th the mechanism of perhydroxylation. The oxidation of the dihydro 
structure to the diol would require an oxidized coenzyme. Complete enzy­
matic conversion probably did not occur, as shown in Figure 7, because co­
enzymes were not added to this reaction mixture. 
The insertion of two hydroxyl groups on a benzene ring between two 
para-situated groups is not unir-'-. The conversion of p-toluate (p-methyl-
benzoate) to 2,3-dihydroxy-p-toluate was shown with a Nocardia by Raymond 
et al. (1967) and with a Pseudomonas by Davis e^ al. (1967). Consequently 
a perhydroxylation between the methyl and sulfonate group of p-toluenesul-
fonate is not sterically improbable. Indeed, if a slight stearic hinder-
ance was exerted by the methyl group in preventing a more rapid hydroxyla-
tion of the ring, then this would explain why benzenesulfonate was always 
utilized more rapidly than p-toluenesulfonate. However, nutrient broth-
gro\m cells require a shorter induction period for benzenesulfonate degrada­
tion than for p-toluenesulfonate degradation. This fact casts doubt on the 
steric hindrance hypothesis, unless the degradation of p-toluenesulfonate 
requires the induction of a specific permease not required for benzenesul­
fonate degradation. 
Since the two sulfonated intermediates that may be produced (Fig. 11) 
are unavailable commercially, no comparisons can be made with reference com­
pounds. Chromatographic data indicate that what is believed to be 2,3-
dihydroxy-4-sulfotoluene is closer to the origin than the compound believed 
to be 2,3-dihydro-2,3-dihydroxy-4-sulfotoluene which indicates that the 
former product is more polar than the latter. This is precisely what would 
be expected, since the polarity of hydrocarbons increases as the degree of 
saturation decreases. For example, benzene is very slightly miscible in 
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water, while 1,2-dihydrobenzene is iiimiscible. Supposedly electrons are re­
leased to the doubly-bonded carbon, which imparts a weak polarity (Morrison 
and Boyd, 1959, p. 109). 
The results of this investigation differ from those of Cain and Farr 
(1968), who reported that p-toluenesulfonate was degraded through 4-methyl-
catechol. Since their results also did not indicate any difference between 
degradation rates of benzenesulfonate and p-toluenesulfonate, it is conceiv­
able that the initial attack on p-toluenesulfonate by their strain of 
Pseudomonas is quite different. Presumably, a steric hindrance problem 
would not exist in their case if perhydroxylation occurred at the 3 and 4 
positions on the ring rather than at the 2 and 3 positions. It is certainly 
not unusual that more than one degradation pathway for p-toluenesulfonate 
exists in nature among different strains of bacteria. 
Cain and Farr (1968) also reported that the sulfonate moiety was re­
leased from p-toluenesulfonate as sulfite, which was then oxidized chemi­
cally in the medium to sulfate. It is possible that this might have 
occurred during this investigation, since no direct attempt was ever made 
to look for sulfite. If sulfite was liberated, it apparently was rapidly 
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oxidized to sulfate, since no S - sulfite was extracted from paper 
chromatograms with aqueous barium chloride. (Barium sulfite is sparingly 
soluble, whereas barium sulfate is insoluble.) Benarde e^ al., (1965) and 
Korvath (personal communication), however, found that sulfite released from 
tetrapropylbenzenesulfonate did not undergo such rapid chemical oxidation. 
Total conversion to sulfate occurred only when an oxidizing agent was added. 
If the intermediate that is thought to be 2,3-dihydroxy-4-sulfotoluene 
is such, it is apparent that the very low "accumulation" would negate any 
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idea that desulfonation is the rate-limiting step in the degradation pathway 
of p-toluenesulfonate. Since neither this product nor its precursor are 
found in resting cell supernatants, it is quite likely that both products 
are rapidly degraded or are held in by permeability barriers. Indeed, the 
most rate-limiting step in the degradation of p-toluenesulfonate by 
Pseudomonas is most probably the initial perhydroxylation of the aromatic 
nucleus. 
All the steps in the degradation pathway shown in Figure 11 are cata­
lyzed by cell-free extracts except the initial attack on p-toluenesulfonate. 
The apparent difficulty in obtaining extracts capable of oxidizing p-tol­
uenesulfonate cannot be explained by improper disruption techniques, by use 
of an improper buffer, or by the absence of coenzymes, since all these fac­
tors were examined. Since Cain and Farr (1968) could not obtain consistent 
results on the oxidation of benzenesulfonate by cell-free extracts they con­
cluded that the enzyme catalyzing the initial oxidation was extremely 
labile. It is conceivable that membrane-associated enzymes may be in­
volved in this step. 
The presence of two adjacent hydroxyls on the aromatic nucleus of p-
toluenesulfonate, therefore, appears to influence the rate of degradation 
considerably. The application of this observation to other systems may be 
far-reaching as we strive to understand the relationships between subtle 
differences in chemical structure and their consequent influence upon 
degradation. 
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